Coherent averaging during rf irradiation can be utilized in the four-pulse nmr experiment in order to cancel the average dipolar interaction in solids. Thus an arbitrary pulse width can be used in the four-pulse experiment, leading to a total rotation angle ßl 90° of the rf pulses depending on the duty factor. Ideal timing is achieved in the classical Waugh, Huber, Häberlen sequence.
Introduction
The classical four-pulse experiment as invented by WAUGH, HUBER, and HÄBERLEN 2 has been proven to be very effective in reducing the dipolar broadening in the nmr spectra of solids and unravelling weaker interactions such as magnetic shielding anisotropics, /-coupling etc. 3 . There is a considerable amount of other types of line narrowing experiments which are capable of reducing dipolar broadening, but they will not be dealt with here 4 .
In the classical four-pulse experiment the rf pulses were considered as <5 pulses, i. e. pulse width tp = 0. By applying a cycle of rf pulses to the spins, the interaction Hamiltonian beoomes modulated, i. e. time dependent. If this modulated interaction Hamiltonian is now averaged over a cycle, it can be made to vanish for certain types of interaction (f. e. dipolar and quadrupolar) and on the other hand retained, but scaled by a scalingf actor 5 (e. g. magnetic shielding 5<1, /-coupling S= 1), for others 2 .
Thus far it has been assumed, that the rf pulses in the four-pulse experiment had to be d pulses in order to achieve line narrowing and only small deviations from zero pulse width could be compensated for by making the total rotation angle > 90° 2 . It will be demonstrated, however, in Sect. 2 that coherent averaging takes place also during rf irradiation.
This can be utilized, as shown in Sect. 3, to operate the four-pulse experiment with any finite pulse width up to an upper limit, given by the timing of the four-pulse sequence. The total rotation angle ßx of the rf pulses has to be increased gradually with increasing pulse width up to the limit of ßn = 116° 14' for the upper pulse width limit 5 . Operating the four-pulse experiment with long rf pulses has some advantages over the common procedure of making the pulses as short as possible. Since the rf power needed is proportional to Hj 2 a considerable reduction in rf power is obtained in going to longer pulse widths, thus avoiding all the problems involved with high power transmitters, probe arcing and heating, receiver blocking etc.
The last section treats the effect of finite pulse width on the dipolar echo formation by using the modified four-pulse sequence.
Coherent Averaging during RF Irradiation
If we call the Hamiltonian describing the coupling of the spins due to internal interaction IHj"t and the Hamiltonian which describes the coupling of the spins to external fields !Hext, we can express the total Hamiltonian as
Let us follow the treatment of Ref. 2 where the propagator L(t) which governs the time dependence of the spin density matrix has been expressed by the product
where contains only !Hext and L2(t) contain« the modulated interaction Hamiltonian 7i (t), namely
where T is the Dyson time ordering operator.
With an rf field applied in the x-or ^/-direction of the rotating frame respectively, the "external" Hamiltonian can be written as Wext=-ft>i(t) Ix.» (4) with co1(t) =y H1{t).
Leading to the propagator where the different interactions can be distinguished by j (j = 1 magnetic shielding, j =2 dipolar and quadrupolar interaction). The spin dependent part Tjm is modulated according to Eqs. (3 c), (5) and leads in the rotating frame to W(|) acTio (7) where 6
Tn-iLT^DTiuLtmu.* (8) which can be expressed as
M= -j where the Wigner matrices 7 Dmo can be written as
and where a determines the rf field direction.
Using Eqs. (9), (10) we obtain:
Tio = T xo oos ß + ( T i-i-T i + i) y2 sm ß> ( lla )
7*20 = T20 I (3 oos 2 ß -1)
The terms with M= ± 1 in Eq. (11) The way in which the average Hamiltonian over a cycle of rf pulses can be calculated will be demonstrated in the case of the subcycle of the four-pulse experiment (see Fig. 1 ), which is essentially a phase alternated pulse experiment with cycle time
If we use the abbreviation A = r1/r2 and introduce the duty factor <3 = 2 tp/ts we obtain the average Hamiltonian over the cycle time as
which can be written in compact form as
M= -j where the coefficients D ( ij0(a, ß, 0) can be derived by using Eqs. (9) -(13). By using the abbrevia-
we obtain from Eqs. (9) - (15): Thus scaling of second rank tensor interaction (e. g. dipolar interaction) and first rank tensor interaction (e. g. magnetic shielding) in phase alternated pulsed nmr experiments can be easily calculated by combining Eqs. (14), (15), (16). From Eq. (16 c) it follows that D2 never can be made to vanish, besides trivial cases like ßi = 0, i. e. the dipole interaction cannot be cancelled in a phase alternated experiment, where rf irradiation takes place only in one direction in the rotating frame. However, if another subcycle is added in which irradiation is performed orthogonal to the first one, D2 is multiplied by -1 in the second subcycle and the total average vanishes, independent of the parameters k and ßt.
The Four-Pulse Experiment with Arbitrary Pulse Width
The timing of the four-pulse cycle with arbitrary pulse width is shown in Figure 1 . The full cycle with the cycle time tc consists of two subcycles with the cycle time ts each, in which rf irradiation is performed in the y-and a;-direction respectively.
The average Hamiltonian can be expressed as Thus we arrive at the question, for which set of k, ß±) do D0 and D1 simultaneously vanish. From Eqs. (16 a, b) it can be shown, that this condition can be fulfilled only if
This puts a restriction on the timing of the fourpulse sequence and it demands what we shall call the "ideal timing". This "ideal timing" is nothing else, but the timing of the classical four-pulse cycle 1 in the <3 pulse approximation i. e. k = 2 if d = 0. If the pulse width is increased, the leading edge of the pulse is kept at the location of the d pulse in the cycle, and the pulse width is simply increased to the right:, as shown in Figure 1 . Under this condition the duty factor obeys Equation (19 which yields the scaling factors in the case of the "ideal timing". D0 and D1 are plotted versus in Fig. 2 for different values of <5. It is interesting to compare this with far off-resonance effects 8 . It can be seen, that D0 and DT cross the zero line for the same value of ßx as is demanded by the "line narrowing" condition Equation (18).
This condition (DQ = DT = 0) leads to a dependence of the rotating angle ß1 on the duty factor <3 . A monotonic increase of ßx with <5 is observed, so that for any given <5 there is only one ßx for which line narrowing in solids can be obtained.
a small duty factor <5, may be expressed as ß1 = n/2 + e where e is small. In this case Eq. (21) leads to <5 = f n-E which is the same result as Eq. (67) of Ref. 2 .
The following procedure for adjusting the fourpulse experiment is suggested: (i) set up the "ideal timing" according to Figure 1, (ii) adjust the proper phases, (iii) increase or decrease the rf power (not the pulse width!) in order to obtain a lengthened decay.
One must not change the pulse width, since in general this does not fulfill Equation (21).
There is an upper limit for <3, which is given by the timing according to Equation (19). This upper limit is reached if k = oo <5u = 2/3 leading to the condition 5 The capability of achieving line narrowing in solids with such a four-pulse experiment in the ultimate pulse width limit is described elsewhere 5 .
The scaling factor S of the magnetic shielding in a four-pulse experiment and all other interactions which can be described by a first rank tensor operator can be expressed as The scaling factor 5 for the magnetic shielding begins with 5 = l/VS = 0,577 for (3 = 0 and decreases with increasing (5, until the upper limit in pulse width is reached (<5u = 2/3), corresponding to S = 0.565. Nevertheless, the variation of the scaling factor S with (5 is seen to be very small.
The first order and all other higher correction Hamiltonians of odd order can be shown to vanish due to symmetry arguments 6 ' 9 .
The Dipolar Echo produced by the Four-Pulse Sequence
A dipolar echo can be produced, using the fourpulse sequence 10, n , utilizing the fact that the average dipolar Hamiltonian can be made negative 10 ' 11 if the parameter k becomes greater than 2.
In the case of d pulses, this can be shown easily by using the parameters (5 = 0 and ßt = 90° in Equation (16). It follows from Eqs. (16 a, b) that under these conditions 10, 11 < 24) whereas Dx= 0.
Thus the average dipolar Hamiltonian becomes negative for 2 during a burst of four-pulse cycles of duration tB . The motion of the spins governed by this negative average Hamiltonian redevellopes in time when the subsequent positive Hamiltonian Ton is in effect. The echo condition can be written as
•tB + t-tB = 0
leading to the formation of an echo at time t, when the four-pulse burst is terminated at time tB 10 .
If a finite pulse width ((5 + 0) is used, the problem of forming a dipolar echo is more complicated, but can be solved by the means of Equation (16).
can be made to vanish according to Eq. . Scaling factor D0 of the average dipolar Hamiltonian in a four-pulse experiment according to Equation (27). A di polar echo can be obtained only in the cases, where D0 becomes negative, i. e. for k > 2 and 90° < ßx < 116° 14'.
In Fig. 6 D0 is plotted versus ßA for the same parameters k as in Figure 5 . D0 becomes negative only for k> 2 and 90° <^<116° 14'. The echo condition Eq. (25) can be generalized to D0tB + t-tB = 0 leading to t/tB = l-D0
where D0 is given by Eq. (27) with the parameters k and ßt obtained by Equation (26). From Eqs.
(26) and (27) it follows, that for any duty factor d with 0 (5 <2/3 a dipolar echo can be obtained.
